Introduction
============

Foals, especially those with failure of passive transfer of maternal antibodies, are highly susceptible to bacterial infections and endotoxemia; however, the mechanisms underlying such susceptibilities are not fully understood \[[@B19][@B25]\]. Non-specific intestinal absorption, hypoglycaemia, omphalophlebitis, unsanitary environmental conditions, and abnormal gestational lengths are common factors that predispose foals to further complications following birth, including septicaemia \[[@B16][@B20][@B25]\]. Sepsis is a systemic bacterial invasion that commonly results in systemic inflammatory response syndrome, which can lead to numerous sequelae such as coagulopathies and immune system dysfunction \[[@B25]\]. Indeed, septic shock can result in hypotension, organ hypoperfusion, and multiple organ dysfunction syndrome, which may lead to death of foals, especially neonates \[[@B19][@B20]\]. Mortality rates of septic neonatal foals generally range from 40 to 55% \[[@B25]\].

The majority of research on human sepsis and its effects on lung inflammation has focused on acute lung injury and/or acute respiratory distress syndrome \[[@B4][@B30]\]. Indeed there is very little data available regarding lung injury and inflammation in foals suffering from sepsis \[[@B16][@B18][@B20][@B25]\]. Because of the increased awareness of acute lung injury in veterinary species, a consensus statement was released to establish a veterinary specific definition \[[@B29]\]. The defining criteria for acute lung injury in veterinary patients, including foals, are similar to those used in human medicine and include acute onset, known association with systemic inflammation or sepsis, signs of pulmonary capillary leakage in the absence of pulmonary hypertension, and evidence of inefficient gas exchange or hypoxemia. A fifth optional factor is evidence of diffuse pulmonary inflammation seen on radiographs \[[@B29]\]. While septicaemic foals are commonly diagnosed with pulmonary inflammation, most clinical attention has focused on sequelae other than lung inflammation, such as haemostasis, arthritis, or organ dysfunction involving mainly the liver, spleen, and gastrointestinal tract \[[@B19][@B25][@B26]\]. Previously, pneumonia was diagnosed either clinically or at post-mortem in 28 to 50% of septic foals \[[@B20]\]. Interestingly, necropsy data have highlighted lung pathologies in septic foals, even when little or no ante-mortem pulmonary signs were observed \[[@B18][@B25]\]. Regardless of these findings, precise descriptions and information describing the mechanisms of lung inflammation in septic foals are lacking.

Fortunately, studies of other animal species and humans have provided a general mechanistic framework for systemic inflammatory response syndrome and its effects on the mammalian lung. This dysregulated inflammatory response involves activation of innate immune cells such as macrophages and neutrophils through signalling via various pattern recognition receptors, including toll-like receptors (TLRs), which engage and identify conserved molecular patterns of bacteria and other danger signals \[[@B15]\]. For example, Toll-like receptor (TLR) 4 recognizes lipopolysaccharide, while TLR9 recognizes cytosine guanine phosphodiester DNA patterns, which are most common to gram-negative and gram-positive bacteria, respectively \[[@B15]\]. The recognition of pathogenic material by immune cells leads to the release of pro-inflammatory cytokines and chemokines, which induce adhesion phenotype changes in epithelial and endothelial cells to activate the recruitment of neutrophils \[[@B13][@B15]\]. Neutrophils secrete many cytotoxic molecules, such as free oxygen radicals, which cause cellular damage and increase vascular permeability \[[@B5]\]. In addition, circulating endotoxin promotes activation of the coagulation cascade via tissue factor production \[[@B7]\]. In conjunction, there is increased expression of a glycoprotein known as von Willebrand factor (vWF) on endothelial cells and platelets that promotes cell-endothelial adhesion and platelet activation \[[@B14]\]. The acquisition of a pro-coagulant phenotype by the endothelium may eventually lead to disseminated intravascular coagulation and potentially irreversible vascular damage \[[@B19]\]. However, no molecular characterizations of lung inflammation in septic foals have been conducted to date.

This study was conducted to compare lung tissue from septic and healthy control foals using histological and immunohistological techniques. Through this examination, we tested the hypothesis that lung inflammation is present in septic foals.

Materials and Methods
=====================

Tissue samples
--------------

The protocols for this study were approved by the Animal Care Assurance Committee of the University of Saskatchewan in accordance with the national guidelines for the use of animals in research. A medical record search was performed to identify foals (n = 17) that died from complications of sepsis and had a complete necropsy preformed, including the collection of pulmonary tissue for histological examination. Information regarding foals was taken from medical records. Clinical diagnosis of sepsis involved analysis of foal history, complete blood count, IgG levels, and evidence of pulmonary embolism. In this study, foals were classified using published septic scoring techniques, with foals considered positive for sepsis if they met any or all of the following criteria: typical clinical characteristics of sepsis, such as multiple sites of infections, positive bacterial cultures from blood smears, and necropsy data highlighting the widespread damage characteristic of septicaemia \[[@B2][@B28]\]. Tissues were fixed in 10% buffered formalin, embedded in paraffin, and sectioned at 5 µm thickness with a microtome. Lung tissue samples were acquired from normal foals (n = 6) that were used in an previous study by Johnson et al. \[[@B12]\]. These normal foals were delivered normally in a contained facility and found to be normal on clinical examination and complete blood count analyses. These foals received no treatment prior to euthanasia. Briefly, foals were placed in a supine position and the lungs were fixed by intrabronchial instillation of glutaraldehyde/paraformaldehyde fixative. Lung tissue was then randomly sampled using a fractionator design, embedded in paraffin, and sectioned at 5 µm thickness using a microtome \[[@B12]\].

Histopathological analysis
--------------------------

Multiple sections of lung from each foal were stained with hematoxylin and eosin (H&E). One pathologist who was blinded to the identity of the foals examined all H&E stained microscopic lung sections and qualitatively scored them for levels of inflammation. Specifically, lung sections were assessed for the degree of edema, septal inflammation, and alveolar inflammation. Each of these categories was given a score based on severity (0, absent; 1, mild; 2, moderate; 3, severe). An overall score was determined for each lung section based on the sum of the values of the three categories.

Immunohistochemistry
--------------------

Immunohistochemistry was performed on serial lung sections. Briefly, the sections were incubated with 0.5% hydrogen peroxide in methanol (Sigma-Aldrich, Canada) to quench endogenous peroxidase activity. This was followed by exposure to pepsin (2 mg/mL pepsin in 0.01N HCl, 60 min at room temperature; Sigma-Aldrich) to unmask antigens, and incubation with bovine serum albumin (1% in phosphate buffered saline) for 30 min. Incubation with primary antibodies ([Table 1](#T1){ref-type="table"}) was performed for 12 h at 4℃ before treatment with horseradish peroxidase-conjugated secondary antibodies at room temperature for 30 min. Color development was conducted using a peroxidase kit (DAB Peroxidase Substrate Kit, Catalog No. SK-4100; Vector Laboratories, Canada), and the sections were counterstained with Methyl green (Vector Laboratories). The negative controls included omission of either the primary or secondary antibody. Each primary antibody was initially titrated to determine the optimal concentration for use in our experiments.

Analysis of immunohistochemistry
--------------------------------

Mononuclear cells stained with MAC387, which recognizes calprotectin, were counted by an observer blinded to treatment in 10 fields at 60× magnification in 3--4 different lung sections per horse. The number of sections was determined by those collected at necropsy. The median value of cells per section was determined for the counts from the septic (n = 17) and control (n = 6) lungs for better comparison. The remaining antibodies (vWF, TLR4, and TLR9) were assessed via light microscopy to determine the presence or absence of staining in various areas of 3--4 different lung sections from each of the control and septic foals. The areas that were assessed included large blood vessel endothelium, alveolar septa, airway epithelium, and mononuclear cells. Positive staining was given a value of 1 and no staining a value of 0. For each area assessed, the number of foal lung sections that stained positive for antibody was calculated as a percentage of the total lung sections extracted from their respective septic or control foal group.

Data analysis was conducted using commercial software (GraphPad Prism 6; GraphPad Software, USA). For all comparisons, significance was assessed at a *p* value of \< 0.05. A Mann-Whitney *U* test was used to compare histopathological scores, vWF scores, and MAC387 positive cell counts between groups.

Results
=======

Clinical diagnosis of sepsis
----------------------------

The foals were selected for inclusion in this study based on clinical diagnosis of septicaemia along with a complete necropsy. The septic foal time of death after presentation of illness ranged from 6 hours to 8 days. Unfortunately, medical records regarding the origin of sepsis in some of the foals were incomplete. However, 10 of the 17 foals (58%) showed positive results for bacterial cultures ([Table 2](#T2){ref-type="table"}). It is well known that blood cultures only result in a definitive diagnosis in approximately 50% of cases, with many clinicians using additional septic symptoms as supporting evidence of their diagnosis \[[@B10]\]. Since over 50% of the foals we characterized as septic reflected positive bacterial cultures, we are confident that our classification of sepsis is accurate.

Histopathology
--------------

Lung sections from control foals showed normal histomorphology with thin alveolar septa, few septal cells, and a lack of cells within alveolar spaces (panels A and C in [Fig. 1](#F1){ref-type="fig"}). In contrast, the lungs from all of the septic foals showed septal cellular infiltration, dilated septal vasculature, thickened alveolar septa, and an overall disordered microanatomy (panels B and D in [Fig. 1](#F1){ref-type="fig"}). The majority of cells stained by H&E were mononuclear, while there were very few cells with segmented nuclei, such as neutrophils. The morphology of alveoli, particularly the lack of inflammatory cells contained within them, did not differ between septic foals and control foals.

While the lungs of the control foals showed no signs of inflammation across any of the three categories, 47% of the septic foal lungs showed mild edema and 24% showed moderate to severe edema. Furthermore, 59% of the septic foal lungs showed mild levels of septal inflammation. Overall, the lungs from septic foals showed higher scores for edema (median, 1; range, 0--3) and septal inflammation (median, 1; range, 0--1) than those from the control foals (edema: *p* = 0.007; septal inflammation: *p* = 0.02); however, there was no difference in alveolar inflammation between groups, with the median value of the septic foals also being zero (*p* = 0.2). Each control foal received a total inflammation score of 0, while lung sections from septic foals had a median score of 2 (range, 0--6). There was a significant difference in total inflammation score between normal and septic foal lung sections (*p* = 0.0013).

vWF antibody staining
---------------------

We used the intensity of vWF staining as a marker of activation of endothelial cells. The histologic sections from all control and septic foal lungs showed staining along the endothelium of all large blood vessels (panels A, C and D in [Fig. 2](#F2){ref-type="fig"}). Although the septic foal lung sections appeared to have increased vWF staining in the septal vasculature (panels B and D in [Fig. 2](#F2){ref-type="fig"}) compared to the sections from the control foals (control, 0%; septic, 50%), this difference was not significant (*p* = 0.058). However, vWF staining was significantly more prevalent on mononuclear cells in lung sections from septic foals than on mononuclear cells found in the control foal lung sections (control, 8%; septic, 59%; *p* = 0.0183) (panels A and B in [Fig. 2](#F2){ref-type="fig"}).

MAC387 antibody staining
------------------------

Control foal lung sections had very few septal cells stained with MAC387 antibody (panels A and C in [Fig. 3](#F3){ref-type="fig"}). Lungs from septic foals showed a significant increase in cells positive for MAC387 compared to control foals \[control, 12 median cells/10 fields 60× magnification (range, 3--21); septic, 38 median cells/10 fields 60× magnification (range, 21--96); *p* \< 0.001)\] (panel B in [Fig. 3](#F3){ref-type="fig"}). Further evaluation of lung sections under higher magnification (100×) showed that MAC387 positive cells were commonly located in the intravascular space, consistent with the location for pulmonary intravascular macrophages (PIMs) (panel D in [Fig. 3](#F3){ref-type="fig"}).

TLR4 antibody staining
----------------------

The proportion of TLR4 staining on airway epithelium (control, 67%; septic, 29%), large blood vessel endothelium (control, 89%; septic, 59%), and alveolar septa (control, 50%; septic, 35%) was much lower in the septic foal lung sections than the sections from the control foal lungs ([Fig. 4](#F4){ref-type="fig"}). However, there was increased TLR4 labeling on mononuclear cells in lung sections from septic foals compared to the lung sections of the control foals (control, 8%; septic, 26%) (panels C and D in [Fig. 4](#F4){ref-type="fig"}).

TLR9 antibody staining
----------------------

Similar to the pattern observed for TLR4 staining, there were lower proportions of lung sections from septic foals that showed TLR9 on airway epithelium (control, 100%; septic, 71%), large blood vessel endothelium (control, 67%; septic, 12%), and alveolar septa (control, 67%; septic, 0%) compared to the lungs of the control foals ([Fig. 5](#F5){ref-type="fig"}). However, similar to TLR4 staining, there was increased TLR9 labeling in mononuclear cells in lung sections from septic foals compared to the lung sections from control foals (control, 72%; septic, 82%) (panels D and D in [Fig. 5](#F5){ref-type="fig"}).

Discussion
==========

Although pulmonary pathology is a common sequela to septicaemia in humans and other veterinary species, there is still very little data available regarding the occurrence and characterization of lung inflammation in septic foals. Here, we report the first data to show vascular inflammation, an increase in septal monocytes and macrophages, and increased expression of TLR4 and TLR9 on mononuclear cells in the lungs of septic foals. These data will help improve our understanding of pulmonary complications found in foals experiencing septicaemia.

While the medical records regarding the origin of sepsis in some of the foals were incomplete, the majority of foals had sepsis originating remote from the lung. Therefore, it is likely that foals experience lung inflammation as a sequel to sepsis, similar to humans, as has been previously reported \[[@B6]\]. Based on these findings, foals should be evaluated and treated for pulmonary complications associated with non-pulmonary origin septicaemia.

We observed lung inflammation based on increased migration of cells in the alveolar septa, thickening of the alveolar septa, and through semi-quantitative scoring of the lung sections for MAC387 positive cell infiltration. Lung inflammation is characterized by recruitment of inflammatory cells, such as neutrophils and monocytes, and by increased vascular permeability \[[@B23][@B27]\]. The recruitment of cells such as platelets, neutrophils, and monocytes is facilitated through activation of the endothelium by cytokines leading to the expression of adhesion molecules. vWF, an adhesive and coagulation protein, is stored in endothelial cytoplasmic Weibel-Palade bodies, which are exocytosed upon endothelial cell activation \[[@B14]\]. The recruitment of platelets, which is facilitated by vWF endothelial expression and other proteins such as selectins, is considered one of the earliest events in acute inflammation \[[@B13]\]. Here, we report the expression of vWF in alveolar septa in lung sections from foals with septicaemia, where it is normally not expressed. It is generally believed that lung microvascular endothelium lacks Weibel-Palade bodies that store preformed vWF. Therefore, the vWF expression in the alveolar septa could be due to accumulation of vWF-containing platelets, or the release and spread of vWF from the endothelium in larger blood vessels, which normally express this protein, into the alveolar capillaries. The increased expression of vWF and accumulation of septal mononuclear cells may suggest a role of vWF in their recruitment. Nevertheless, the increased expression of vWF provides molecular evidence of microvascular inflammation, including a coagulative phenotype of the endothelium in the lungs of septic foals.

Our immunohistochemical data demonstrated mostly monocytes and macrophages in the alveolar septa of septic foals. We previously used calprotectin-binding antibody, MAC387, to identify equine lung macrophages with light and electron microscopy \[[@B17][@B21]\]. MAC387 can also stain neutrophils; however, we eliminated neutrophils from our counts based on their nuclear morphology. Moreover, we found very few neutrophils in the septa of normal or septic foals. The presence of large numbers of septal monocytes and macrophages, but fewer neutrophils, in the lungs of septic foals is intriguing. In animal species such as the mouse, endotoxin-induced lung inflammation results in initial recruitment of neutrophils followed by infiltration of monocytes. The newly arriving monocytes are known to express anti-inflammatory cytokines such as transforming growth factor beta and interleukin-10 to hasten resolution of inflammation \[[@B3]\]. However, there is evidence that newly recruited intravascular monocytes/macrophages increase the risk of pulmonary inflammation in response to secondary endotoxin challenges \[[@B8][@B9][@B24]\]. Preliminary electron microscopic observations of tissues derived from paraffin sections also suggest there are numerous monocytes and macrophages located in the septal capillaries (B. Singh et al., unpublished data). Interestingly, the normal foals in our study had very few intravascular/septal mononuclear cells that stained positive for MAC387, which is similar to the findings from the day old pig \[[@B31]\]. These findings indicate that, similar to pigs, foals may also recruit pulmonary intravascular mononuclear cells such as PIMs during their post-natal life, which may increase host susceptibility for lung inflammation and injury \[[@B1][@B17]\].

Our study does not address the function of newly recruited septal monocytes/macrophages, but we speculate that the newly recruited macrophages are pro-inflammatory. This speculation is based on our data showing expression of TLR4 and TLR9 on septal mononuclear cells, but not on airway epithelium and endothelium in lungs from septic foals. It is also consistent with previous results showing reduced TLR4 staining in airways and large blood vessels during pulmonary inflammation with increased TLR4 expression in mononuclear cells \[[@B27]\]. However, data describing pulmonary monocytes in rats suggest that after exposure to pro-inflammatory endotoxins, TLR4 expression is initially increased, but then decreases significantly 36 hours after exposure \[[@B11]\]. Previous data has shown increased TLR9 expression on both PIMs and epithelial/endothelial surfaces of adult horses treated with LPS \[[@B22]\]. Since sepsis in foals is most often caused by gram-negative bacteria and their associated endotoxins \[[@B26]\], the increased numbers of septal mononuclear cells expressing TLR4 and TLR9 may lead to more pronounced inflammation in response to circulating endotoxins and other bacterial molecules. Therefore, we cannot concretely attribute the increased staining of TLR4/TLR9 to the recruitment of PIMs in the septic foal. However, it is possible that increased expression of vWF may have contributed to the increased numbers of monocytes and macrophages in lung septa, which may have led to an appearance of increased expression of TLR4 and TLR9. Further data using transmission electron microscopy and immune-gold TLR labeling should be conducted to improve our understanding of lung inflammation in septic foals.

These data, which are the first to characterize inflammation in the lungs of septic foals, show histological inflammation including thickened alveolar septa, increased septal mononuclear cells expressing TLR4 and TLR9, and signs of microvascular inflammation. These cellular and molecular changes in lungs of septic foals suggest association of lung injury with sepsis. Since significant recruitment of septal monocytes and macrophages, most likely PIMs, may increase lung injury, further study is required to better understand their function.
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![Histology of hematoxylin and eosin stained lung sections from control (A and C) and septic (B and D) foals. Lung section from the control foal (A) shows normal lung morphology of bronchiole (†), blood vessels (BV), and alveolar space (^\*^) compared to increased septal thickness and cellularity (arrows) in the lung section from the septic foal (B). Lung section from the control foal (C) shows normal alveolar septal width (double headed arrow) compared to the thickened septa of the septic foal lung section (D). Scale bars = 200 µm (A and B), 20 µm (C), 10 µm (D).](jvs-18-17-g001){#F1}

![Histologic lung sections from control (A and C) and septic (B and D) foals. Von Willebrand factor (vWF) staining (arrows) was present in the endothelium of large blood vessel (BV), but was minimal in alveolar septa (S) in sections from the control foal lung (A and C). The sections from septic foals show increased staining for vWF in alveolar septa and the endothelium in large BVs (B and D). The septic foals (B) also showed an increase in positive vWF staining on mononuclear cells (arrowheads) compared to normal foal lungs. ^\*^Alveolar space. ^†^Bronchiole. Scale bars = 100 µm (A and B), 50 µm (C and D).](jvs-18-17-g002){#F2}

![Histologic lung sections from control (A and C) and septic (B and D) foals with MAC387 staining. Mononuclear cell (arrowheads) infiltration increased in septic (B and D) *vs*. control (A and C) foals. The inset image in figure d shows macrophage-like cells within the vasculature of the alveolar septa (S), suggesting the presence of a pulmonary intravascular macrophages. BV, blood vessel; En, endothelial cell; L, lumen; M, macrophage. ^\*^Alveolar space. ^†^Bronchiole. Scale bars = 200 µm (A and B), 50 µm (C and D).](jvs-18-17-g003){#F3}

![Histologic lung sections from control (A and C) and septic (B and D) foals. Septic foals (B and D) showed an increase in TLR4 staining (arrowheads) on mononuclear cells, but a slight decrease along bronchiole (†) epithelium, blood vessel (BV) endothelium, and alveolar septa (S). ^\*^Alveolar space. Scale bars = 100 µm (A and B), 50 µm (C and D).](jvs-18-17-g004){#F4}

![Histologic lung sections from control (A and C) and septic (B and D) foals. Septic foals showed an increase in TLR9 staining (arrowheads) on mononuclear cells, but a slight decrease along bronchiole (†) epithelium, blood vessel (BV) endothelium, and alveolar septa (S). ^\*^Alveolar space. Scale bars = 100 µm (A and B), 50 µm (C and D).](jvs-18-17-g005){#F5}

###### Primary antibodies used for immunohistological characterization of the control (n = 6) and septic (n = 17) foal lungs

![](jvs-18-17-i001)

vWF, von Willebrand factor.

###### Bacterial isolates from foals characterized as septic

![](jvs-18-17-i002)

NA, not available.
